Hybrid organicinorganic materials provide the opportunity for combining organic chromophores into inorganic networks. The resulting hybrids can be used for numerous optical, biomedical and nanotechnology applications. Hybrid organicinorganic particles that absorb and fluoresce in visible or ultraviolet light are particularly useful for bio-imaging, sensors, and as a safe sunscreen. The organic component can be incorporated through physical entrapment or through covalent incorporation through siloxane linkages. By containment in the hybrid material, the performance lifetime of the chromophore can be extended significantly and environmental contamination by its leaching out can be reduced. In this study, silica particles containing 1 mol % dimethylaminonathyl-sulfonamide (dansyl) dyes were prepared by three different methods: 1) physical encapsulation inside a hollow silica particle, 2) covalent attachment of pendant chromophores through a single silyl group and 3) covalent attachment through two silyl groups. The influence of the mode of entrapment on the particles' spectroscopic properties, the propensity of the chromophores to leach from the particles, and photochemical degradation of chromophores were determined for the three classes of hybrid materials.
Introduction
Fluorescent hybrid organicinorganic particles are widely used for chemical 1) ,2) and biological 3),4) sensors, size exclusion probes for membranes, 5)8) bio-imaging agents, 9)12) combinatorial synthesis platforms, 13 ), 14) and sunscreens. 15 )21) Encapsulation of dyes reduces their release from particles into the environment and can significantly increase the dye lifetime through retardation of photochemical degradation. 22)25) These particles can be readily prepared by physical encapsulation of dyes in solid 22) ,26)28) or hollow silica particles (Scheme 1) 29), 30) or by copolymerization of a dye bearing monomer with a silica monomer, such as tetraethoxysilane (TEOS) (Schemes 2 and 3). Water in oil (W/O) emulsion polymerizations of TEOS 31) or sodium silicate 26) , 28) can be used to physically entrap water soluble dyes. However, using these particles in water results in rapid leaching of the encapsulated dye. Leaching can be reduced, with the added benefit of photophysical enhancement of fluorescence, with the addition of a silica shell around the dye-containing core (Scheme 1). 32) Alternatively, hydrophobic dyes can be physically contained in hollow silica spheres prepared through oil-in-water emulsions where the silica forms at the surfactant-water interphase. 19) This method, used to encapsulate liquid organic dyes for sunscreens, 18) does permit release of dye due to mechanical rupture of some of shells during processing.
Covalent attachment of the dye to the particles can be accomplished through polymerization of trialkoxysilane monomers bearing chromophore substituents 6)8),15),24),25),33), 34) or through the covalent attachment of reactive dyes to particle surfaces through silane coupling agents. 1), 35) Dye monomers can be incorporated through emulsion polymerizations or homogeneous sol gel polymerizations, such as Stober polymerization. 36) In either case, covalent attachment reduces leaching significantly over physical encapsulation. 28) , 34) In this study, physical and covalent incorporation of 1 mol % dimethylaminonathylsulfonamide (dansyl) dyes 13 was used to prepare fluorescent silica particles. Dansyl dyes, widely used for bio-medical applications, 37) non-linear optical materials, 40) membranes, 7) and for preparing fluorescent nanoparticles 38)41) are readily modified through the sulfonamide functionality with one or two 3-(triethoxysilyl)propyl groups, making them perfect candidates to investigate the influence of the number of trialkoxysilyl groups on dye incorporation, leaching and photochemical stability. For physical encapsulation, hollow silica particles (E-DA) containing N-propyldansylamide 1 in their core were prepared by inverse-emulsion polymerizations of TEOS (Scheme 1). 29) Silica particles with pendant dansyl Scheme 1. Schematic for the preparation of hollow shell silica particles with dansyl dye 1 in core via oil-in-water emulsion technique.
groups (P-DA) were prepared by copolymerizing 1 mol % monomer 2 with TEOS under modified Stober conditions Scheme 2).
20)
Silica particles with bridging dansyl groups (B-DA) were prepared by copolymerizing 1 mol % monomer 3 with TEOS, also under modified Stober conditions (Scheme 3). 20) The resulting particles were compared with silica particles prepared without dyes, were extracted with ethanol to determine how well the dyes were entrapped and irradiated with ultraviolet light to determine the relative photostability of the dyes within the silica particles (E-DA, P-DA, and B-DA) compared with dye in solution.
Experimental procedures

Materials
Tetraethoxysilane (TEOS, 98%), ethanol (anhydrous, 99.5%), triethylamine (Et 3 N, 99.5%), dichloromethane (DCM, 99.8%), and SiO 2 stationary phase (60 ¡, 70230 mesh, 63200¯m) were obtained from Sigma-Aldrich Corporation (St. Louis, MO, USA). N-(triethoxysilylpropyl)dansylamide and N,N-bis(triethoxysilylpropyl)amine (95%) were obtained from Gelest, Inc. (Morrisville, PA, USA). N-propylamine (99%) and 5-dimethylamino-1-naphthalenesulfonyl chloride (dansyl chloride, 99%) were purchased from Acros Organics. Ammonium hydroxide (NH 4 OH, 2830%) was obtained from EMD Chemicals, Inc. (San Diego, CA, USA). TEOS and N,N-bis(triethoxysilylpropyl)amine were distilled over CaH 2 before use. The molarity of concentrated NH 4 OH (14.845 M) was determined by titration with 1.0 M hydrochloric acid (HCl), which was previously standardized with sodium carbonate (Na 2 CO 3 ).
Materials characterization
Column chromatography was performed on silica gel stationary phase (60 ¡, 70230 mesh, 63200¯m) from SigmaAldrich Corporation (St. Louis, MO, USA). For alkoxysilane precursors, silica gel was neutralized by initially washing with a 2:300 TEOS:hexanes solution (v/v), then flushing with hexanes to remove residual TEOS. Finally, the column was flushed with the corresponding eluent stated in the below detailed experimental procedures. High resolution and low resolution mass spectrometry (MS) were performed on a Bruker 9.4 T Apex-Qh hybrid Fourier transfer ion-cyclotron resonance (FT-ICR) instrument equipped with a dual ESI/MALDI source. UVVis absorbance spectroscopy was obtained on a Shimadzu UV-Probe PC2501 UV Vis Double Beam Spectrophotometer. Fluorescence Spectroscopy was measured on a PTI Quanta Master 40 Steady State Spectrofluorimeter. An excitation wavelength of 340 nm was used. Dynamic Light Scattering (DLS) of ethanolic suspensions of particles (3 mg/mL) was performed using a Malvern Zetasizer Nano ZS90 at 20°C with a scattering angle of 173°.
Scanning Electron Microscopy (SEM) was performed on goldsputter coated samples with an FEI Inspec-S electron microscope with an accelerating voltage of 30 keV. Ethanolic suspensions of particles (3 mg/mL) were dropcast onto a clean silicon wafer and evaporated to dryness before gold coating and analysis. Transmission electron microscopy (TEM) of particle samples dispersed on a grid were analyzed with a Hitachi H8100 electron microscope with an accelerating voltage of 200 kV and a high brightness LaB6 electron source.
Nitrogen adsorptiondesorption isotherms of dry particles were measured with Nitrogen Adsorption Porosimetry on a Quantachome Autosorb-1 Porosimeter at 77.35 K. Prior to measurement, dry particle samples were degassed at 100°C for 24 h under vacuum. Specific surface areas were determined by the Multipoint BrunauerEmmettTeller (BET) method. 42) Pore size distributions were determined by the BarrettJoynerHalenda (BJH) model to the desorption isotherm.
43)
Dansyl amide syntheses 2.3.1 N-propyldansylamide (1)
Synthesis was modified from Rampazzo, et al. 1) A single-neck round-bottom flask fitted with a magnetic stir bar was charged with N-propylamine (0.383 mL, 2.7 mmol) in DCM (10 mL) and cooled to 0°C. To this, a separate solution of dansyl chloride (0.503 g, 2.0 mmol) in DCM (10 mL) was added dropwise while stirring at 0°C. The reaction was allowed to warm to room temperature (24°C) and monitored by TLC (DCM) until consumption of starting material (1.0 h). As the reaction proceeded, a color change from clear yellow to clear yellowgreen was seen. Afterwards, the reaction mixture was extracted with 1:1 10% aq. Na 2 CO 3 :brine (6x) and then the organic phase was dried over Na 2 SO 4 and concentrated in vacuo to a yellowgreen solid (0.505 g, 93%). mp 9394°C (lit. 9294°C 44) (3) 1)
N,N-bis(triethoxysilylpropyl)dansylamide
A single-neck round-bottom flask fitted with a magnetic stir bar was charged with triethylamine (0.44 mL, 3.18 mmol) and N,N-bis(triethoxysilylpropyl)amine (1.10 mL, 2.50 mmol) in DCM (25 mL) and cooled to 0°C. To this, a separate solution of dansyl chloride (0.68 g, 2.50 mmol) in DCM (25 mL) was added dropwise. The reaction was allowed to warm to 24°C and stirred until consumption of starting material (48 h), monitoring by TLC (DCM). Fluorescence was seen after ³15 min. The crude product was concentrated in vacuo, then re-dissolved in benzene to precipitate white triethylammonium chloride salts, which were removed via filtration. The crude clear yellow oil was then purified by running through a silica plug (DCM, then ethyl acetate) and concentrating in vacuo to afford a clear yellow fluorescent oil (1.02 g, 61% 
Particle preparation
All particle preparations were performed in ethanol with TEOS and catalyzed by NH 4 OH. 20),36) All samples were prepared in triplicate.
Dye-free silica particles via microemulsion polymerization (DFE-SiO 2 ) 20)
A 250 mL single-neck round-bottom flask fitted with a magnetic stir bar was charged with CTAB (0.32 g, 0.89 mmol) in anhydrous ethanol (60 mL) and distilled water (102 mL). To this, TEOS (2.0 mL, 8.96 mmol) was added and the clear solution stirred 5 min at 24°C. Finally, aq. NH 4 OH (13.4 M, 2.0 mL) was added and the solution stirred 3 h at 24°C (700 RPM). Sphere evolution was indicated by an increasing opalescence of the mixture beginning 2 min after adding the NH 4 OH solution. The transition to a turbid white suspension occurred within a few more minutes. After 3 h, the product was centrifuged to remove excess catalyst and starting material, then washed 3x with water (0.581 g, 145%). Hydrodynamic diameter (DLS) = 800 « 126 nm. Diameter (SEM) = 760 « 57 nm. BET surface area = 6.533 m 2 /g. BJH pore size = 30.68 ¡.
Dye free stöber silica particles (SiO 2 ) 20)
A 100 mL 3-neck round-bottom flask was equipped with a thermometer and magnetic stir bar. The flask was charged with anhydrous ethanol (33.1 mL) and aq. NH 4 OH (5.154 M, 20.1 mL) and the solution stirred at 30°C. In a scintillation vial in the same water bath, TEOS (5 mL) was heated to 30°C. Once the temperatures of both solutions had equilibrated at 30°C, TEOS was added to the reaction flask and the resultant solution was allowed to stir 15 s. Afterwards, stirring was stopped and the reaction mixture was allowed to stand at 30°C for 2 h. Sphere evolution was indicated by an increasing opalescence of the mixture beginning 15 min after adding TEOS. The transition to a turbid white suspension occurred within a few more minutes. After 2 h, the product was centrifuged to remove excess catalyst and starting material, then washed 3x with ethanol (1.569 g, 117%) . Hydrodynamic diameter (DLS) = 556 « 34 nm. Diameter (SEM) = 514 « 60 nm. BET 42) surface area = 12.09 m 2 /g. BJH 43) pore size = 3.427 ¡.
Physically encapsulated dansyl particles
(E-DA) 29) A 250 mL single-neck round-bottom flask fitted with a magnetic stir bar was charged with CTAB (0.32 g, 0.89 mmol) in anhydrous ethanol (40 mL) and distilled water (102 mL). To this, a previously prepared solution of 1 (0.026 g, 0.089 mmol) in anhydrous ethanol (20 mL) was added. Afterwards, TEOS (2.0 mL, 8.96 mmol) was added and the clear solution stirred 5 min at 24°C. Finally, aq. NH 4 OH (13.4 M, 2.0 mL) was added and the solution was stirred 3 h at 24°C (700 RPM). Sphere evolution was indicated by an increasing opalescence of the mixture beginning 2 min after adding the NH 4 OH solution. The transition to a turbid white suspension occurred within a few more minutes. After 3 h, the product was centrifuged to remove excess catalyst and starting material, then washed 3x with water (0.623 g, 156%). Hydrodynamic diameter (DLS) = 774 « 68 nm. Diameter (SEM) = 745 « 104 nm. BET 42) surface area = 13.6 m 2 /g. BJH 43) pore size = 24.6 ¡.
Pendant dansyl particles (P-DA) 8)
A 3-neck round-bottom flask was equipped with a thermometer, reflux condenser, and magnetic stir bar. The flask was charged with anhydrous EtOH (33.1 mL) and aq. NH 4 OH (5.154 M, 20.1 mL) and the solution stirred at 30°C. In a scintillation vial in the same oil bath, a previously prepared 1.0 mole % solution of 2 in TEOS (5 mL) was heated to 30°C. Once the temperatures of both solutions had equilibrated at 30°C, monomer solution was added to the EtOH/NH 4 OH mixture and the resultant solution was allowed to stir 15 s. Afterwards, stirring was stopped and the reaction mixture was allowed to stand at 30°C for 2 h. Sphere evolution was indicated by an increasing opalescence of the mixture beginning 15 min after adding the monomer solution. The transition to a turbid white suspension occurred within a few more minutes. After 2 h, an opaque white suspension that fluoresces bluegreen when exposed to UV light was afforded (1.558 g, 116%).
Hydrodynamic diameter (DLS) = 653 « 22 nm. Diameter (SEM) = 579 « 30 nm. BET 42) surface area = 7.7 m 2 /g. BJH 43) pore size = 34.3 ¡.
Bridged dansyl particles (B-DA) 20)
A 3-neck round-bottom flask was equipped with a thermometer, reflux condenser, and magnetic stir bar. The flask was charged with anhydrous EtOH (33.1 mL) and aq. NH 4 OH (5.154 M, 20.1 mL) and the solution stirred at 30°C. In a scintillation vial in the same oil bath, a previously prepared 1.0 mole % solution of 3 in TEOS (5 mL) was heated to 30°C. Once the temperatures of both solutions had equilibrated at 30°C, monomer solution was added to the EtOH/NH 4 OH mixture and the resultant solution was allowed to stir 15 s. Afterwards, stirring was stopped and the reaction mixture was allowed to stand at 30°C for 2 h. Sphere evolution was indicated by an increasing opalescence of the mixture beginning 15 min after adding the monomer solution. The transition to a turbid white suspension occurred within a few more minutes. After 2 h, an opaque white suspension that fluoresces bluegreen when exposed to UV light was afforded (1.591 g, 118%) .
Hydrodynamic diameter (DLS) = 623 « 37 nm. Diameter (SEM) = 566 « 33 nm. BET 42) surface area = 4.4 m 2 /g. BJH 43) pore size = 5.1 ¡.
Dansyl modified silica xerogel
To a roundbottom flask, a solution of 2 (0.59 mg, 1.3 © 10 ¹3 mmol) 2 in anhydrous ethanol (10 mL) was added to TEOS (93.3 g, 0.448 moles). Solgel polymerization was started by the addition of 1N HCl (16 mL). Upon mixing to solution, the reaction noticeably warmed. After 1 h, ethanol was removed in vacuo until only 90 mL viscous, colorless solution remained. This gelled overnight and was allowed to age for 48 h before crushing and washing with water (100 mL), then diethyl ether (100 mL) and filtering dry. Drying under dynamic vacuum at 100°C for 24 h afforded a fluorescent white xerogel (19.1 g). To measure solvent accessibility, xerogel (1 g) was soaked in water for 24 h before recording fluorescence spectra. The fluorescence emission maximum ( excitation = 350 nm) for the xerogel was 515 nm for the dry xerogel and 538 nm for the xerogel soaked in water.
Leaching analysis
Dansyl particle (E-DA, P-DA, or B-DA) suspensions in anhydrous ethanol (3 mg/mL) were stirred 24 h at 24°C. To remove particles, each sample was filtered (6x) through a 0.20 m nylon syringe filter obtained from Sigma-Aldrich Corporation (St. Louis, MO, USA). Efficacy of removal of particles from suspensions was checked with DLS and SEM analyses of residues from the filtered and un-filtered solutions. Leaching was assessed on the solutions with fluorescence spectroscopy before and after filtration. Dansyl concentrations were calculated from prepared fluorescence vs. concentration calibration plots. An excitation wavelength of 340 nm was used.
UV stability analysis
Particle suspensions (10 wt %) were dispersed in 70/30 ethanol/glycerin. Free dansyl dye solution (10 wt % in 70/30 glycerin/ethanol) was also prepared as an experimental control. The suspensions/solutions (18.5 mg) were then dropcast onto an ethanol-rinsed quartz slide (2.55 cm © 3.63 cm) to ensure a coverage of 2.0 mg/cm 3 . A second quartz slide of the same dimensions was placed above the sample to sandwich it. Each sample was then irradiated with a Xenon arc lamp at irradiances of 0.039 W/cm 2 (290320 nm) and 0.052 W/cm 2 (320400 nm) for 6 h, monitoring by UVVis absorbance spectroscopy every hour. After 6 h, the free dye sample was washed from the quartz slides and analyzed by GCMS spectroscopy.
Results
Precursor synthesis
While N-(triethoxysilylpropyl)dansylamide 2 was commercially available, N-propyl dansyl amide 1 for physical encapsulation and N,N-bis(triethoxysilylpropyl)dansylamide 3 had to be synthesized from dansyl chloride and n-propyl-amine and bis(3-triethoxysilylpropyl)amine (bis-APTES), respectively (Scheme 4). The former (1) was designed to ensure the absorbance and emission profile was similar to the pendant and bridged silsesquioxane counterparts (Fig. 1). 6),7) Synthesis of 1 was modified from literature procedures and obtained at a comparable yield (93%). 1) Monomer 3 was prepared in good yield (61%) using an adaptation of the syntheses of 2 1 in which in (bis-APTES) was reacted with dansyl chloride with triethylamine.
Particle preparation 3.2.1 Encapsulated dansyl amide (E-DA) particles
Physical encapsulation of dansyl amide 1 in hollow silica particles was achieved using an ammonia-catalyzed, solgel polymerization of TEOS in an O/W microemulsion. 29) In this technique, TEOS partitions into the hydrophobic interior of micelles formed from CTAB (Scheme 1). Hydrolysis of TEOS and subsequent condensation of relatively hydrophilic silanols occurs at the surface of the micelle resulting in a hollow, spherical shell of silica. Dansyl amide 1 partitioned into the hydrophobic core of the micelles leaving the dye within the core of the hollow E-DA particles once the shell had been completed. Using an ethanol/water ratio of 0.59, particles with an average diameter of 745 « 104 nm formed as a white, opaque dispersion. Dansyl encapsulation had minimal effect on overall particle size, as they are comparable to the dye-free, hollow silica particles that have an average diameter of 761 « 57 nm (Fig. 2) . Like previous reports of dye encapsulation in hollow silica spheres, 30) some ruptured E-DA particles are visible in the SEM. From the TEM (Fig. 3) , it is clear that the E-DA particles are hollow with a shell thickness of 151 « 35 nm. Surface area analysis of the Nitrogen adsorptiondesorption isotherms of hollow E-DA and dye-free SiO 2 particles generated Type III isotherms consistent with nonporous materials with weak adsorbent-adsorbate interactions. BET surface areas are consistent with the calculated geometric surface areas suggesting that the intact hollow spheres have few empty pores through their shells or that the pores are blocked with dye and surfactant ( Table 1) . With exposure to long wave UV, the E-DA particles fluoresce bright bluegreen to yellow green depending on the polarity of the solvent they are dispersed in due to a pronounced solvatochromic effect. 45) 
Covalent encapsulation of 2 and 3 via
Stober procedure 20) Pendant dansyl amide (P-DA) and bridged dansyl (B-DA) particles were successfully prepared via co-condensation of 1 mole % of 2 and 3, respectively, with TEOS using a modified Stober procedure. The prepared P-DA and B-DA particles are spherical in shape and morphology according to SEM and DLS, with mean diameters of 579 « 33 nm and 566 « 60 nm, respectively. Overall, dansyl incorporation led to larger particle sizes by 65 nm (P-DA) and 52 nm (B-DA) than pure silica Stober particles (Fig. 4) . Like the E-DA particles nitrogen sorption porosimetry of P-DA and B-DA particles gave type III isotherms and BET surface areas consistent with the calculated geometric surface areas (Table 1) .
Using dansyl dyes with pendant and bridged architectures fortuitously provides insight into the homogeneity of the dyes in the particles. It has been reported that monomers with a single trialkoxysilyl group segregate to the surface of particles during polymerizations 46) , 47) and bridged monomers with two trialkoxysilyl groups are more homogeneously distributed. 48) Dansyl amides experience a substantial bathochromic shift in fluorescence emission maximum with increasing solvent polarity making them useful in probing materials' microenvironments. 49 ), 50) Silica xerogel, prepared with a low concentration of dansyl 2 (0.001 mol %) to provide a measure of the polarity of the dry gel with minimal surface modification, had a dry fluorescence emission maximum of 515 nm. P-DA particles, with a thousand times more pendant dansyl 2, had a dry emission maximum of 476 nm indicating a more non-polar environment than the silica xerogel. The emission maximum of 530 nm for dry B-DA particles with the bridged dansyl 3 indicates that the bridged dansyl was not blocking silanols as much as the pendant dansyl monomer.
Dansyl amide leaching analysis
Leaching of dyes from silica particles reduces their absorption and fluorescence and introduces free dye into the environment surrounding the particles. To determine which incorporation method is best at retaining the dansyl dye within the particle, suspensions of E-DA, P-DA, and B-DA particles (3.0 mg/mL) were stirred in ethanol at ambient temperature (24°C) for 24 h, then filtered six times through 0.2¯m microfilters to ensure fluorescence emission intensities were not the result of residual particles. SEM was used to confirm that all of the particles were removed from the extract samples (Fig. 5) . Fluorescence spectra comparisons of the extracts and un-filtered particle suspensions (Fig. 6 ) reveal significant leaching (83.20%) from E-DA. Fluorescence of the E-DA permeate suspension is almost as intense as the initial feed. Since all of the particle samples were nonporous, leaching of 1 is probably due to mechanical rupture of the particles [ Fig. 2(a) ], a phenomenon observed with encapsulated sunscreens. Covalent incorporation of silsesquioxane analogues 2 (P-DA) and 3 (B-DA) reduced leaching to 2.42 and 0.80%, respectively. Reduced leaching from B-DA is likely due to the greater number of siloxane linkages between the silica particle and the monomer, but may also benefit from less segregation of the on the particles' surfaces. 51) To test if incorporation increases UV stability, thin-film solutions of 2, E-DA particles, P-DA particles, and B-DA particles sandwiched between quartz slides were examined according to the protocol presented in Berset, et al. 51) The samples were exposed with a Xenon arc lamp at irradiances of 0.039 W/cm 2 (290320 nm) and 0.052 W/cm 2 (320400 nm) for a total of 6.0 h during which UVVisible absorption spectra were taken every hour (Fig. 7) . B-DA particles with bridged dansyl displayed the highest stability retaining 74.60% of the dye after 6 h exposure. P-DA with pendant dansyl was the next most stable arrangement with 66.2% remaining. Physical encapsulation of 1 in hollow silica particles only preserved 58.35%. Monomer 2 in solution was the least stable with only 41.40% remaining after 6 h. Greater dye stability in silica has been previously demonstrated, but this is the first time the greater stability of bridged dyes over pendant dyes has been demonstrated. GCMS analysis of solutions of UV irradiated 2 confirmed the presence of fragments expected from the cleavage of the dansyl ArSO 2 NHR, ArSO 2 NHR and ArSO 2 NHR bonds.
UV stability of incorporated dansyl
Discussion
Fluorescent, hybrid organicinorganic particles with 1 mol % dansyl dyes were prepared with the dye physically encapsulated inside a hollow silica shell (E-DA) and covalently attached to Fig. 6 . Fluorescence spectra of dansyl particle dispersions, (a) E-DA, (b) P-DA, and (c) B-DA, before filtration (blue) and of the permeate (red) after filtration. Fig. 7 . UVVis Absorbance spectra for dansyl samples exposed for 6 h, which detail UV-induced degradation over time for each. Incremental percent reduction in UV absorbance at max (328335 nm) is also shown for each. Fig. 5 . SEM micrographs of B-DA particle suspensions used in leaching analysis before and after filtration, detailing successful removal of particles. Micrographs are representative of all particle samples analyzed (data not shown).
solid silica particles through a single silsesquioxane group (P-DA) or two silsesquioxane groups (B-PA). Most E-DA particles appeared to be nonporous to nitrogen sorption, but solvatochromic shifting of the emission from the encapsulated 1 and the significant amount of leakage of the dye with ethanol extraction, suggests that there may be pores in the shell that allowed solvent to access the dye inside the particles and dye to leach out. Whether the pores are structural features or products of mechanical damage during processing is irrelevant to the observation that the physical encapsulation of 1 in hollow silica shell particles is not very effective.
In contrast, similar amounts of dansyl dyes 2 and 3 were successfully incorporated into silica particles using the covalent attachment approach. Fluorescence of the P-DA and B-DA particles reveal that the former are more non-polar than the latter. The greater polarity of the bridged monomer in B-DA is consistent with prior studies that have shown that the bridged monomers have more silanols and are more like silica, 52) while pendant monomers act more like hydrophobic surface modifiers. The additional consequence of the higher functionality of the bridged monomer is that there are more covalent linkages to each monomer making them integrate more securely into the silica network. This leads to the reduced leaching of the bridged monomer from the B-DA particles compared with the physically encapsulated dyes in E-DA and the pendant dyes in P-DA. Photochemical degradation of dyes is retarded in silica gels by isolating the dye molecules. The ease with which the bridged dye integrates into the silica network likely aids in isolating the dye moieties. Pendant dyes in P-DA may be more reactive than bridged dyes because the pendant dyes are more mobile, more concentrated (by segregation) or both.
Conclusions
Hybrid organicinorganic particles prepared via emulsion polymerization and solgel polymerization provided an in depth analysis on the effect of incorporation method on dye leaching and UV stability. Overall, covalent incorporation of dyes with bridged structure was found to minimize leaching and, excitingly, increase UV stability over that of physically encapsulated and pendant silsesquioxane counterparts. These results have ultimately shed light on the effects of incorporation method by delineating the promise of bridged silsesquioxane incorporation, and provide exciting applications in fields where stability and retention of the embedded ingredient is paramount for efficacy.
